Schizophrenia is widely acknowledged as being a syndrome, consisting of an undefined number of diseases probably with differing pathologies. Although studying a syndrome makes the identification of an underlying pathology more difficult; neuroimaging, neuropsychopharmacological and post-mortem brain studies all implicate muscarinic acetylcholine receptors (CHRM) in the pathology of the disorder. We have established that the CHRM1 is selectively decreased in the dorsolateral prefrontal cortex of subjects with schizophrenia. To expand this finding, we wanted to ascertain whether decreased cortical CHRMs might (1) define a subgroup of schizophrenia and/or (2) be related to CHRM1 genotype. We assessed cortical [ 3 H]pirenzepine binding and sequenced the CHRM1 in 80 subjects with schizophrenia and 74 age sex-matched control subjects. Kernel density estimation showed that [ 3 H]pirenzepine binding in BA9 divided the schizophrenia, but not control, cohort into two distinct populations. One of the schizophrenia cohorts, comprising 26% of all subjects with the disorder, had a 74% reduction in mean cortical [ 3 H]pirenzepine binding compared to controls. We suggest that these individuals make up 'muscarinic receptor-deficit schizophrenia' (MRDS). The MRDS could not be separated from other subjects with schizophrenia by CHRM1 sequence, gender, age, suicide, duration of illness or any particular drug treatment. Being able to define a subgroup within schizophrenia using a central biological parameter is a pivotal step towards understanding the biochemistry underlying at least one form of the disorder and may represent a biomarker that can be used in neuroimaging.
Introduction
Schizophrenia currently defines a disease syndrome defined by commonality in symptom profile. 1 It is probable that schizophrenia encompasses a number of illnesses with different pathologies, all of which share the defining symptoms of the disorder. Therefore, as with other syndromes, 2,3 a major research objective should be to identify individual pathologies of the diseases within the syndrome of schizophrenia. 4 There have been many efforts to differentiate different disorders within the syndrome of schizophrenia. Thus, symptom analyses suggest three symptom clusters (positive symptoms (an excess or distortion of normal functions), negative symptoms (the diminution or loss of normal functions) and cognitive symptoms (deficits in attention, concentration and memory) 5 within the syndrome but no specific pathological mechanisms have been identified that differentiate these clusters. In addition, cluster analysis of measurable parameters, other than the core symptoms associated with the disorder, suggests there is a cognitively impaired endophenotype within the syndrome of schizophrenia. 4 As yet, there is no specific pathology that identifies the subjects which form this particular endophenotype within schizophrenia. Thus, to date, there appears to be no biochemical marker that can be used to separate individuals in the syndrome of schizophrenia into defined subgroups. Significantly, a potential 'biochemical marker' for a subgroup within the syndrome of schizophrenia will have to have a strong enough 'signal' to be identifiable through the diverse pathological 'noise' emanating from the total schizophrenia syndrome.
Neuropsychopharmacological, 6, 7 neuroimaging 8 and post-mortem central nervous system (CNS) studies [9] [10] [11] have consistently implicated a role for muscarinic acetylcholine receptors (CHRM) in the pathology and treatment of schizophrenia. 12 Furthermore, the availability of more selective tools has made it possible to show that it is the cortical CHRM1 that is selectively decreased in schizophrenia. [13] [14] [15] Moreover, a recent finding that the c.267C/C genotype at the c.267A/C polymorphism in the CHRM1 is associated with more severe cognitive deficits in schizophrenia, 16 suggests that variation in CHRM1 gene sequence and/or expression might be associated with a key symptom of the disorder. Together, these data suggest that abnormalities in CHRMs may significantly contribute to the pathology of the disorder. Finally, the ability to measure deficits in CHRM via neuroimaging 8 raises the possibility of using this measure as a biomarker for schizophrenia.
The potential for the CHRM1 gene to be associated with the severity of cognitive deficits in schizophrenia and the possibility that levels of CHRM1 could be a biomarker for the disorder led us to determine (1) the extent of decreased CHRM1 levels in post-mortem CNS from a relatively large cohort of subjects with schizophrenia and (2) whether cortical CHRM1 expression is governed by genotype. These issues were addressed by measuring [ 3 H]pirenzepine binding in BA9 and sequencing the CHRM1 gene using post-mortem CNS of 80 subjects with schizophrenia and 74 subjects with no history of psychiatric illness (controls).
Materials and methods
[N-methyl- 3 Blocks of cerebellum (DNA extraction) and Brodmann's area 9 (BA9; autoradiography) were excised from 80 subjects who were listed as having schizophrenia in reports of death. Tissue was also collected from the same regions from 74 subjects with no history of psychiatric illness (controls). In all cases, cadavers were refrigerated within 5 h of being found.
Within 30 min of removal at autopsy, CNS tissue was rapidly frozen to À70 1C. In cases where death was witnessed, the time between death and autopsy was taken as the post-mortem interval (PMI). When death was not witnessed, PMI was taken as the interval midway between the donor last being seen alive and being found dead. The pH of the CNS tissue was measured as described previously. 17 
Diagnostic evaluation
Case history reviews were completed using the Diagnostic Instrument for Brain Studies, 18 enabling a psychologist and psychiatrist to reach diagnostic consensus using DSM-IV (Diagnostic and Statistical Manual of Mental Disorders, fourth edition) criteria. 19 Following the case history review, duration of illness (DOI) was calculated as the time from first hospital admission to death. A comprehensive medication history was obtained for each subject and the most recent prescribed dose of antipsychotic drugs was converted to a standardized drug dose. 20 
Sequencing
A total of 100 ng of genomic DNA, which had been extracted using an established technique, 21 was amplified (primers: M1-F1 5 0 -ggtgatgactttcccctgag and M1-R1 5 0 -ctgggaatagcgaagtctgg (400 nM), constructed using the CHRM1 sequence (GenBank accession number NM_000738)) in the presence of two units of Platinum Taq polymerase (Invitrogen), 1.5 mM MgCl 2 and 200 mM deoxyribonucleotide triphosphate, with denaturation at 94 1C for 7 0 and 30 cycles of 94 1C Â 30 min, 57 1C Â 30 min, 72 1C Â 2 min. The PCR product, consisting of the single coding exon and flanking intronic sequence of CHRM1, was sequenced on an ABI3100 genetic analyser with POP6 matrix using the PCR primers and a third internal primer (M1-F2 5 0 -ggagacagagaaccgagcac) allowing the genotype at each polymorphic site to be determined. Levels of [ 3 H]pirenzepine binding were measured using a single-point saturation method as described previously, 22 giving a good approximation of the density of radioligand binding sites in tissue sections. 23 Thus, five tissue sections (20 mm) were cut from the BA9 of each subject and incubated with [ 3 H]pirenzepine (15 nM) in the presence (non-specific binding: two sections) or absence (total binding: three sections) of 1.0 mM quinuclidinyl xanthene-9-carboxylate hemioxalate in 10 mM sodium-potassium phosphate buffer (10 mM KH 2 PO 4 , 10 mM Na 2 HPO 4 , pH 7.4) at room temperature for 30 min. All sections were washed twice for 2 min in ice-cold 10 mM sodiumpotassium phosphate buffer, dipped in ice-cold water and thoroughly dried prior to being fixed overnight in paraformaldehyde fumes in a desiccator. The sections, and a set of [ 3 H]micro-scales, were apposed to a BAS-TR2025 imaging plate until an image of appropriate intensity was obtained for scanning in the BAS 5000 high-resolution phosphoimager (3 days). The intensity of the phosphoimages were measured by comparison to the intensity of the segments of radioactivity on the [ 3 H]micro-scales using AIS image analysis software. Results were expressed as total minus non-specific binding in d.p.m. mg À1 estimated wet weight tissue equivalents (ETE) and then converted to fmol mg À1 ETE.
Statistical analyses
Statistical analyses on genotype were performed using Arlequin ver 2.000: A software for population genetics and data analysis (S Schneider, D Roessli, L Excoffier, University of Geneva, Switzerland, Genetics and Biometry Laboratory, 2000). The genotype frequency data at each single nucleotide polymorphism (SNP) was analysed using a w 2 bivariate analysis. For radioligand binding data, the data sets were first analysed using kernel density estimation, which is a means of applying smoothing to a population frequency histogram, to estimate a probability distribution of the data sets. These were then fitted using different distribution parameters (GenStat release 9/ Windows; VSN International Ltd, UK) to determine the nature of the populations they represented. Next, the data were analysed to determine whether they followed a Gaussian distribution. In addition, Grubb's test was used to determine whether any of the data sets contained outlying points.
Age and brain pH for the three diagnostic cohorts were not normally distributed and so were compared using the Kruskal-Wallis test, while PMI and brain weights were normally distributed and were compared using one-way ANOVAs. DOI and chlorpromazine equivalents for the two groups within schizophrenia were not normally distributed and were compared using the Mann-Whitney test. For [ 3 H]pirenzepine binding density, the impact of diagnosis, genotype and the demographic variables such as donor age, PMI, brain pH, DOI, final recorded antipsychotic drug dose, gender, suicide and prescription of anticholinergic medication or benzodiazepines on the experimental measures were determined using an ANCOVA (analysis of covariance; Mintab release 13.31, Minitab Inc. State College, PA, USA). Fishers' exact test was used to determine differences in the frequency of confounding variables between the two schizophrenia cohorts. Unless otherwise specified, all analyses were carried out using GraphPad Prism version 4.03 for Windows (GraphPad Software Inc., San Diego, CA, USA; for more information see www.graphpad.com).
Results

Demographics
Non-parametric analyses of age, brain pH, DOI and chlorpromazine equivalents and parametric analyses of PMI and brain weight found no significant differences in any of these variables (Table 1) . Following the separation of the schizophrenia cohort into two groups, each group of subjects with schizophrenia was treated as a separate cohort. It was shown that significant variance occurred in [ had no strong association with either cohort of subjects with schizophrenia.
Potential confounding variables
The ANCOVA showed that none of the demographic variables; age (F = 2 Further analysis was completed on potential confounding factors that may have contributed to the bimodal distribution of [ 3 H]pirenzepine binding in subjects with schizophrenia. Given the nature of our study, the prescription of anticholinergic medication was a potential confound. Fishers' exact test showed there was no significant variation in the number of subjects who were prescribed anticholinergic drugs in either the large (16 of 58) or smaller (12 of 22; P = 0.16) cohort of subjects with schizophrenia. There was no effect of receiving such medication on In the entire schizophrenia cohort, eight people were not prescribed antipsychotic medication at the time of death. While these subjects were all in the larger of the two cohorts, this did not represent a significant difference in the frequency of prescribing antipsychotic drugs between the two cohorts (P = 0.19). Furthermore, there were no differences in the rates of the prescription of butyrophenones (large = 19, small = 2; P = 0.15), phenolic phenothiazines (large = 26, small = 13; P = 0.53), aliphatic phenothiazines (large = 11, small = 4; P = 1.00), diphenylbutylpiperidine (large = 2, small = 1; P = 0.19) or atypical antipsychotics (large = 3, small = 2; P = 0.61) (Supplementary Figure 1) .
Discussion
In this study, we have shown that CHRM levels, measured using a single-point saturation analysis of [ 3 H]pirenzepine binding, in BA9 from subjects with schizophrenia separates subjects with the disorder into two subgroups, one of which has a marked decrease in cortical CHRMs. Technically, the singlepoint saturation method can give an apparent decrease in levels of available binding sites, if there is a marked change in the affinity of the radioligand used for the receptor of interest. 24 However, in another cortical region we have shown there is no marked change in the affinity for [ 3 H]pirenzepine in subjects with schizophrenia. 25 This supports the argument that the changes in radioligand binding in this study are due to a reduced receptor density. Furthermore, our data show that low levels of radioligand binding are not associated with any particular variation in the CHRM1 sequence or any other confounding factor examined in this study. Thus, it would appear that low levels of CHRM differentiate a group of subjects with schizophrenia, which we term muscarinic receptor-deficit schizophrenia (MRDS). Importantly, at least three studies (two post-mortem, 11, 26 one neuroimaging 8 ) support the hypothesis that there is an MRDS. These studies show their data in a manner that allowed us to identify a proportion of subjects with schizophrenia who have marked decreases in levels of CHRMs. Thus, it is probable that MRDS has contributed to previous reports of lower levels of CHRMs in schizophrenia but cohort sizes prevented the application of population statistics. Thus, our study is significant as it is the first with cohort sizes of sufficient magnitude to identify MRDS with statistical certainty.
We defined the MRDS using [ 3 H]pirenzepine binding, which predominantly binds to CHRM1/ CHRM4. 27 In a recent study we suggested that changes in CHRM4 expression may be the dominant change in hippocampal CHRMs in subjects with schizophrenia. 28 However, as (1) the CHRM1 constitutes approximately 70% of the total CHRMs in the frontal cortex 29 and (2) we have shown that only CHRM1 mRNA and protein are decreased in BA9 from subjects with schizophrenia, 13, 14 our current data strongly suggest that we have identified a subset of people with greatly reduced cortical CHRM1. It remains to be determined if this group also has CHRM1 deficits in multiple regions, deficits in other CHRMS and whether other CHRMs are affected in the non-MRDS subjects.
Significantly, in this study we have shown that particular variants of CHRM1 sequence occurred at different frequencies in schizophrenia. However, none of the variants are associated with either levels of [
3 H]pirenzepine binding or the MRDS. Importantly, while we detected only 5 of the 11 CHRM1 SNPs previously reported, 30 the SNPs we failed to detect occur mainly in African Americans and Hispanic populations, 30 which are not represented in our cohorts. Moreover, we have confirmed a previous finding 16 of complete linkage between the c.267C > A and c.1353C > T SNPs. Although our data identify possible changes in SNP frequencies in schizophrenia, there is the potential for a type I error in our study due to the relatively small sample size. Therefore independent confirmation of our findings on c.267C > A and c.1353C.T are required in much larger populations. However, overall, our data support a previous study, 15 which suggested that CHRM1 sequence does not govern levels of CHRM1 expression in the human CNS or schizophrenia.
While our data suggest that potential confounding factors such as age, sex, suicide or DOI do not differ in MRDS when compared to other subjects with schizophrenia, we cannot directly address whether smoking or drug treatments may contribute to the MRDS. Although increased levels of smoking are reported in subjects with schizophrenia, 31 we could find no clear evidence that any sub-population of subjects with schizophrenia showed increased levels of smoking. This is perhaps not surprising given that a neuroimaging study of CHRMs reported no significant difference in CHRM availability between smokers and nonsmokers with schizophrenia. 8 Indeed, the only evidence implicating smoking as a modulator of human CHRM expression is that CHRM1 mRNA is decreased in foetal brainstem and cerebellum 32 when mothers smoked during pregnancy. Thus, it seems unlikely that smoking is the cause of decreased CHRMs in the cortex of subjects in the MRDS. The other potential confounding factor in any post-mortem study in schizophrenia is the possible effects of the polypharmacies received by the tissue donors during life, particularly those of antipsychotic drugs. In our study there was no clear difference in rate of prescription of any drug or in the class or levels of antipsychotic drug received by MRDS and non-MRDS subjects. Moreover, animal studies have shown that treatment with antipsychotic drugs 10, 33, 34 or muscarinic receptor antagonists 35 do not cause marked decreases in cortical CHRMs. Together, these data suggest that decreases in cortical CHRMs in MRDS are not simply due to a subject receiving antipsychotic drugs prior to death.
When considering the potential consequences of decreased CHRM1 in schizophrenia, it is noteworthy that both the CHRM1 36 and BA9 37 play important roles in cognition, with CHRM1 being particularly important in working memory. 36 These findings underpin the suggestion that decreased cortical CHRM1 is associated with cognitive impairments in schizophrenia and that treatment with CHRM1 agonists could reverse such deficits. 38, 39 This hypothesis has more direct support from a study showing that xanomeline (an M1/M4 agonist) improves cognitive function in patients with schizophrenia 40 and that the best predictor of cognitive improvement with clozapine is the ratio of plasma N-desmethylclozapine (clozapine's major metabolite; an M1 agonist) to clozapine. 7 It should also be noted that the neuroimaging study of CHRMs in schizophrenia found a correlation between the positive symptom sub-scale score on positive and negative syndrome scale and muscarinic receptor occupancy. However, the ligand used binds with high affinity to all muscarinic receptors, therefore these data partially support the argument that agonists at the CHRM4 could have antipsychotic efficacy in subjects with schizophrenia, 41 it having been shown that CHRM4 regulate dopamine levels in the nucleus accumbens. 42 Importantly, with regards to the therapeutic potential of CHRM agonists, our latest data imply that the MRDS could show the most marked response to CHRM1 agonists.
In conclusion, we have identified a subgroup of subjects with schizophrenia, the MRDS, which we propose have marked deficits in cortical CHRM1. There is now a clear need to fully differentiate the underlying pathology and symptom profile of subjects with MRDS. While it is possible to better define the pathology of MRDS with further post-mortem tissue studies on other CNS markers; we are unable, at this point, to identify a specific symptom profile for this form of the disorder. This is because our tissue collection and case history review occurs ad hoc after death, thus we do not get symptom ratings from case histories. However, the magnitude of reduced cortical CHRM1 in the MRDS explains why subjects with the deficit can be identified in the Single Photon Emission Computed Tomography (SPECT) study that has used a pan-muscarinic receptor ligand. 8 This pilot neuroimaging study strongly suggests that the use of Positron Emission Tomography (PET) with a nonselective cholinergic marker, such as [ 11 C]NMPB, 43 would identify subjects with MRDS. Using such an approach, it will be possible to obtain accurate symptom ratings and discover if MRDS responds well to treatment with currently available antipsychotic drugs. Nevertheless, based on post-mortem, genetic and pre-clinical data we would predict that subjects with MRDS will present with significant cognitive deficits, which may be responsive to CHRM1 agonists.
